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Abstract
Purpose The proportion of people living in urbanised areas is predicted to rise to > 65% by 2050, and therefore, more humans
than ever will be exposed to urban environmental pollution. Accumulation of organic and inorganic substances on street and road
surfaces is a major global challenge requiring scientifically robust methods of establishing risk that inform management strate-
gies. This aim of this contribution is to critically review the global literature on urban road–deposited sediment contamination
with a specific focus on variability in sampling and analytical methods.
Materials and methods In order to assess the concentration of contaminants in global road-deposited sediment (RDS), a
comprehensive search of published RDS studies was completed. We review methodological approaches used in RDS studies
to highlight the variability in datasets as a result of sampling technique, grain size fractionation, geochemical and mineralogical
characterisation methods and establishing the influence of local geology on contaminant concentrations. We also consider
emerging contaminants in RDS, and we provide a workflow diagram which promotes a standardised sampling and analysis
regime that we believe can reduce data variability and promote collaboration when it comes to tackling the important issue of
RDS contamination.
Results and discussion Across the literature, Asia (except China) and Africa are underrepresented in RDS studies despite these
continents having the largest and fastest growing populations, respectively. The removal of tetraethyl lead from gasoline
produced a noticeable decrease in lead concentrations in global RDS, and platinum group element (PGE) concentrations in
RDS were consistent with catalytic converter usage. Research into the impact of electric vehicles on non-exhaust emissions
suggests other contaminants such as zinc may become more prominent in the future. Most RDS studies consider grain size
fractions larger than > 20 μm due to sampling constraints despite RDS < 20 μm being most relevant to human health. The use of
chemical extraction methods to establish contaminant geochemistry is popular; however, most extraction procedures are not
relevant or specific to minerals identified in RDS through microscopic and spectroscopic investigations.
Conclusions This review highlights considerable variability in sampling and analytical approach which makes it difficult to
identify broad global patterns in RDS contamination. To remove this variability from future RDS research, this review suggests a
workflow plan which attempts to improve the comparability between RDS studies. Such comparability is crucial in identifying
more discrete RDS trends and informing future emission policy.
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1 Introduction
The global population as of 2019 was approximately 7.71
billion (UN 2019b). This figure is expected to rise to 9.74
billion by 2050 (UN 2019b). The proportion of people living
in urban areas has increased rapidly from 29.6% in 1950 to
55.3% in 2018, with the value projected to reach 68% by 2050
(UN 2019a). As the population of urban areas increases, the
number of people exposed to urban contaminants increases,
along with the amount of particulates being produced (Liang
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and Yang 2019). Therefore, understanding contaminant load-
ings in urban environments, and the physical, chemical and
biological transport pathways, is a major global challenge.
Road-deposited sediments (RDS) are an accumulation of
particulate matter on street surfaces and are abundant in all
urban environments (Taylor and Owens 2009). RDS is a com-
posite of natural sediments, including soil material, leaf litter
as well as atmospheric particles, and anthropogenic sedi-
ments, produced by the deterioration of vehicle components,
and combustion products (Beckwith et al. 1986), construction
material, road salt, road paint and pedestrian debris. RDS can
contain a variety of contaminants including fine particulates
(Alves et al. 2018) and toxic metals (Zafra et al. 2011).
Contaminants in RDS are prone to remobilisation to the
local atmosphere (Alves et al. 2018) or can be transported in
stormwater runoff to other ecologically sensitive locations
(Goonetilleke et al. 2017). The monitoring of RDS contami-
nants has been conducted by public bodies (USEPA 1973) and
research institutions (Day et al. 1975) since the 1970s with key
findings leading to the clean-up of urban environments
(Stojiljkovic et al. 2019). However, with a technologically
advancing society, contaminant contributions to RDS contin-
ue to change. The emergence of electric and hybrid vehicles
will reduce exhaust emissions, but it has the potential to in-
crease the concentration of non-exhaust emissions (Timmers
and Achten 2016). As the demand for fossil fuel vehicles
continues to increase, the use of platinum group elements
(PGEs) will also rise (Zhang et al. 2016b), with a potential
shift to less valuable base metals depending on future devel-
opments (Alikin et al. 2013). Emerging contaminants may also
continue to be identified in RDS. These include anthropogenic
magnetite which has been identified in human brain tissue
(Maher et al. 2016), polycyclic aromatic hydrocarbons
(PAHs) which are considered to be carcinogenic (Suman
et al. 2016), and microplastics (Kole et al. 2017).
There is a wealth of information on contaminants in RDS.
Several reviews of toxic metals (Wei and Yang 2010) and
PGEs have been published (Hwang et al. 2016), but none of
these have sufficiently described RDS contamination on a
global scale. Understanding RDS on a global scale is crucial
for hazard identification and prioritisation, to make future pre-
dictions about the impacts of urbanisation on human health,
and the environment. Aside from developing an understand-
ing of the nature and scale of global road dust contamination,
it is also important to develop a better understanding of the
key variables that influence RDS concentrations and loadings.
Locality-linked variables will help us to tackle the challenge
of RDS in an increasingly urbanised world, whilst experimen-
tal variables can help us to find the best available techniques.
This review is structured into five parts: (1) we describe the
methodological approach to the review; (2) we provide an
update on our current understanding of global RDS contami-
nation, drawing on a range of case studies; (3) we critically
review methodological approaches used in RDS studies to
highlight the variability in datasets as a result of sampling
technique, grain size fractionation and chemical extraction;
(4) we describe the statistical techniques used to compare
RDS contamination to the local geology; (5) we discuss the
techniques for describing the morphology of RDS, and their
mineralogical composition; (6) we consider emerging contam-
inants in RDS; and (7) we provide a workflow diagram which
promotes a standardised sampling regime that we believe can
reduce data variability and promote collaboration when it
comes to tackling the important issue of RDS.
2 Review methodology
Central to meeting the objectives of this review, targeted
searches for RDS surveys were carried out by inputting “road
dust”, or “road deposited sediment”, and key words (PGEs,
toxic metals, etc.,) into Web of Science (Clarivate Analytics,
Philadelphia, PA, USA) and identifying publications that had
produced RDS data. Cited references and citing publications
were also identified in order to increase the scope of data
acquisition. RDS studies were deemed suitable for this review
if they were published by a peer-reviewed journal (Adamiec
et al. 2016) or by a governmental body (USEPA 1973). RDS
contaminant concentrations published in reviews were also
accepted if the cited publication was locatable and complied
with the constraints listed above. Once a list of sources had
been produced, a series of Microsoft Excel (Office 365,
Microsoft, Redmond, WA, USA) spreadsheets were used to
separate references by their content (toxic metals, PGEs, etc.).
The spreadsheets were used to collect a detailed set of criteria
including the concentrations of key contaminants (Pb, Zn, Cu,
etc.), publication year, units (ppm, mg kg−1, etc.), grain size
fractions studied, country, city/location, location descriptions
(inner city, major roads, etc.), extraction method, sampling
method, analytical method and any noteworthy additional in-
formation. Publications that discussed RDS data but did not
provide numerical values were excluded from the analysis but
were used in the context of discussion, where appropriate.
Having assembled the spreadsheets, some modifications
were made to simplify further the analysis and improve the
relation to urbanised RDS. These were converting units to
ppm so unit discrepancies did not have to be assessed when
looking at sub-datasets, and the removal of data that indicated
they were not from an urban area, or may have been influ-
enced by a point source such as industrial effluents
(Brunekreef et al. 1981). Table 1 gives a breakdown of the
location descriptors excluded, and the reasoning behind them.
Where studies reported means and associated individualised
data, only the individualised datum was included to avoid rep-
lication. Data were not included where there was any
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uncertainty about the form of the site (i.e. whether urban or
not)—a point discussed under the workflow diagram section.
An important area of urban contamination that has been
omitted from this review is that of air particulates and human
health. It is now widely understood that urban air particulates
have numerous human health impacts and air pollutants such
as PM2.5 (particulate matter less than 2.5 μm) have been
linked to respiratory illnesses (Xing et al. 2016), and reduc-
tions in life expectancies (Bennett et al. 2019). There exists a
vast and rapidly developing body of literature on this subject
with major publications in the medical and atmospheric sci-
ence literature. RDS and airborne particulates are, of course,
interlinked. Indeed, some studies (see examples cited in
Thorpe and Harrison 2008) estimate that more than 50% of
airborne particulate matter may be due to resuspension of
RDS. However, given the vastness of the literature on airborne
particulates, and the frequent focus of investigations on
human physiology, consideration of the airborne particulate
literature is considered beyond the scope of this review.
Readers who are interested in the subject of airborne
particulates are directed to the excellent reviews by Gulia
et al. (2015) and Xie et al. (2017).
3 Global populations in urban centres
In order to assess the concentration of contaminants in global
RDS, a comprehensive search of RDS surveys was complet-
ed. To ensure the relevance of this review to global RDS,
attempts were made to encompass RDS studies from as many
localities as possible. Table 2 shows the number of studies
conducted in each country.
Asia was the most studied continent accounting for 67 of
the RDS studies in this review with 38 studies in China alone
(Table 2). Europe was the next most represented continent
with 47 studies (Table 2), with most of the studies from the
UK (25) and Spain (6). The last continent with high represen-
tation was North America (24) (Table 2), with 15 studies from
the USA and six from Canada. In relation to global urbanisa-
tion, 53.7% of the world’s urban population lives in Asia, with
Africa, Europe and South America, each making up approxi-
mately 13.0% (UN 2019a). Despite a plethora of studies con-
ducted in China, there is a lack of research into RDS contam-
ination in major urban centres elsewhere on the Asian conti-
nent. RDS studies in Africa are scarce. This is a concern as
Africa is expected to see an accelerated growth in urbanisation
in the future (UN 2019a). There are currently 20 countries/
overseas territories/administrative regions that are considered
to have urbanisation percentages greater than 90.0% (UN
2019a). Of these, only China, Singapore, United States
Virgin Islands, Argentina, Japan, Netherlands and Jordan are
considered in this review. By 2050, the list of urbanised
countries/overseas territories/administrative regions with per-
centages greater than 90.0% is expected to expand to 42 areas
(UN 2019a). In addition to the previously described 90%
urbanised areas, this review considers Sweden, Bahrain,
Brazil, New Zealand, Australia, Norway and the UK. It is
clear from this analysis that the overall proportion of heavily
urbanised centres considered is low, and that more studies
from a variety of urbanised areas are required. Only three
RDS studies from Africa in the last 5 years were recorded in
this review (Mafuyai et al. 2015; Benhaddya et al. 2016;
Maina et al. 2018), highlighting the need for a focus on cities
in Africa.
4 Global road dust composition
One of the aims of this study is to assess the composition of
RDS in urban areas. Some of the key components of RDS are
toxic metals which are deposited as a result of fuel combus-
tion, road surface wear and vehicular wear (Zafra et al. 2011).
Table 1 Description of the sub-
locations excluded from further
analysis whilst assessing urban
RDS contamination
Description Reasoning
Background Used to compare natural concentrations to RDS
Car parks Area might be sheltered from climatic conditions and may not be subject
to road sweeping regimes
Control Used to compare natural concentrations to RDS
Gas stations Pollution point source
Lead smelter Pollution point source
Parks Sampling not taking place on a road surface
Playgrounds Sampling not taking place on a road surface
Rural Not relevant to the urban environment
Scrap yard Pollution point source
Squares Sampling not taking place on a road surface
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The main contributors to toxic metal contamination in this
review are lead and zinc which have an average of 651 ppm
and 760 ppm, respectively (Fig. 1). Other key metal compo-
nents include copper (236 ppm), chromium (118 ppm) and
nickel (49 ppm), with lower concentrations of cobalt
(14 ppm) and cadmium (5 ppm) (Fig. 1). Arsenic (14 ppm)
and mercury (600 ppb) were identified in a limited number of
locations (Fig. 1) but were not widely analysed. A large
amount of variability exists in the global dataset. For example,
in the case of lead, the mean value (651 ppm) is close to the
third quartile (761 ppm), whilst the median (226 ppm) is close
to the lower quartile (83 ppm) (Fig. 1). The maximum lead
concentration was 10,700 ppm, with the minimum being
2 ppm (Fig. 1). The reasons for this variability in the dataset
become more apparent when the change over time is consid-
ered (see below).
The pre-1990 mean lead concentration in RDS was
1750 ppm, with a decrease to 785 ppm between 1990 and
1999 and to 231 ppm from the year 2000 onwards (Fig. 2).
The third quartile for 1990–1999 is 840 ppm compared to
261 ppm from 2000 onwards. However, the first quartile values
are similar (~ 72.0 ppm). These data are reflective of global
trends in the use of leaded petrol. The toxicity of lead has been
recognised for centuries due to its neurotoxicity, and the clear
behavioural changes associated with long-term lead exposure
(Goyer 1993). Despite these health concerns, lead was used in a
variety of domestic products including paint (Inskip andHutton
1987). Lead was also used as a gasoline additive in the form of
tetraethyl lead. Studies showed that lead from leaded gasoline
was accumulating in RDS (Duggan and Williams 1977), and
that such pollution was also linked to increased lead concentra-
tions in the blood of children (Gallacher et al. 1984). Unleaded
gasoline was introduced to some markets such as the USA as
early as 1974 (Sperling and Dill 1988). However, according to
the observed trend, lead levels in RDS did not begin to signif-
icantly decline until the 1990s (Fig. 2). This is because many
markets continued to use leaded petrol, with concentrations of
lead in gasoline being gradually reduced up until its eventual
ban across most of the globe by 2000 (Xu et al. 2012). Whilst
largely eliminated from global fuels, tetraethyl lead still has
limited use in some aviation fuels (Avgas) (Miranda et al.
2011), as well as in gasoline in a few countries such as Iraq
(Hamad et al. 2015). Lead is still used in lead-acid car batteries
(Zhang et al. 2016a), and the wearing of car parts and road
surfaces (Zafra et al. 2011) will be a contributory factor towards
present-day lead emissions. Compared to pre-1990 RDS con-
centrations, the lead levels in post-2000 RDS are below domes-
tic soil limits set out by the USEPA, which specify maximum
concentrations of 400 ppm for children’s play areas and
1200 ppm for bare soil (USEPA 2019).
The decline of lead concentrations in global RDS is a key
example of the benefit that environmental policy can have on
reducing urban environmental pollution and its associated
Table 2 The number of
RDS studies conducted
in each country

















































United States Virgin Islands 1
Venezuela 1
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negative impacts. The concentration of lead in children’s
blood has decreased, providing societal and economic benefits
(Gilbert and Weiss 2006). Without the presence of tetraethyl
lead in petrol, the prominence of toxic metals in RDS has
shifted towards non-exhaust emission sources (Simons
2016). Non-exhaust emissions are derived from numerous
sources including, but not limited to, tyre wear, engine wear,
brake components, oils, bodywork corrosion and urban con-
struction materials (road surfaces, buildings, etc.) (Zafra et al.
2011). This represents a major challenge for identification of
individual sources and apportionment of metal loadings.
However, chemical extractions, sequential extractions and im-
aging techniques (Fujiwara et al. 2011) offer the opportunity
to assist in the identification of sources.
Global mean zinc concentrations in RDS declined from
1430 ppm before 1990 to 478 ppm in the 1990s but have since
seen a modest increase to 629 ppm from the year 2000 and
onwards (Fig. 3). Zinc is a key component of car tyres ac-
counting for approximately 1% of the total weight (Milani
et al. 2004). Zinc is also found in various automotive oils,
brake pads and road construction materials (Zafra et al.
2011). The decline of zinc concentrations could plausibly be
linked to the clean-up of industrial sites (Nicholson et al.
2003) and the implementation of street sweeping (German
and Svensson 2002). The sale of cars globally has increased
from 29 million in 1980 to 65 million in 2014, with this value
expected to double by 2050 (Hao et al. 2016). As vehicle
usage has increased, the deposition of tyre tread on road sur-
faces has likely also increased, leading to increases in the
deposition of zinc contaminants. Another important factor
when it comes to tyre wear and zinc deposition is vehicle
weight (Simons 2016).
Pb Zn Cu Co Cr Cd Ni As Hg
Mean 651 760 236 13.8 118 4.90 49.4 14.4 0.624
Median 226 360 116 10.3 77.8 1.40 30.2 8.80 0.510
1st Quartile 762 850 234 18.0 140 3.62 58.7 12.2 0.825
3rd Quartile 82.5 195 60.9 7.23 40.0 0.565 19.3 4.94 0.305
Minimum 2.00 0.130 0.0500 2.67 1.13 0.0200 0.00 0.500 0.0200
Maximum 10700 10100 9070 51 1490 200 1450 181 2.56
Fig. 1 Box and whisker plot
depicting the concentrations
(ppm) of key RDSmetals (Pb, Zn,
Cu, Co, Cr, Cd, Ni, As, Hg)
obtained from past RDS surveys.
Statistical information is also
provided
Fig. 2 A box and whisker plot, and a scatter graph depicting the changes in RDS lead concentrations over time (years)
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The weight of vehicles is a key consideration when it
comes to understanding the future composition of RDS. As
the automotive industry shifts towards electric and hybrid ve-
hicles, the incorporation of batteries into cars is increasing
vehicle weight (Timmers and Achten 2016). Heavier cars pro-
duce larger amounts of non-exhaust emissions due to in-
creased brake, tyre and roadwear (Simons 2016). All the toxic
metals considered in this study (except arsenic and mercury)
have been implicated in these non-exhaust emission sources,
but no significant shifts in the temporal data of RDS concen-
trations have been observed. Whilst the implications of elec-
tric vehicle weight may increase non-exhaust RDS emissions,
several benefits of increased electric vehicle use include zero
exhaust emissions, reduced brake wear when regenerative
braking technologies are implemented (Wager et al. 2018)
and a significant reduction in lubricating oils. A lack of clear
temporal trends is a challenge when trying to discern the fu-
ture trend of toxic metal RDS loadings in urbanised centres. A
considerable amount of variability exists in the dataset due to a
wide variety of location-specific and survey-specific factors.
In order to address future trends more effectively, attempts
were made to understand some of the variables present.
Location-specific trends are addressed in the next section by
focusing on the data obtained frommainland China and Hong
Kong. These areas have been the attention of a large number
of studies (Table 3), and Hong Kong is one of the most
urbanised regions in the world (UN 2019a).
5 China
The first RDS study in China in this review was conducted in
1979 (Ho 1979). Since then, the population of China has in-
creased from 1 billion (1980) to 1.43 billion (2019), with the
population expected to remain stable until 2050 (UN 2019b).
Over the same period, the percentage of people living in urban
environments in China has increased from 19.4 to 61.4%
(2020), with 78.3% of the population predicted to live in urban
environments by 2050 (UN 2019a). Table 3 shows the RDS
studies conducted in China over this time and their publication
year.
The number of studies from Beijing and Hong Kong rep-
resents almost half of the studies conducted across China.
Most studies in China post-date 2006 but eight studies were
conducted in Hong Kong prior to this date (Table 3). Xi’an is
the most studied city in recent years (2017 onwards), with
recent studies also available for Guiyang, Shijiazhuang and
Urumqi cities (Table 3). Figure 4 shows how Hong Kong
RDS compares to global values between 1979 and 2008 (the
range over which the Hong Kong studies were conducted),
and how China RDS (without Hong Kong) compares to glob-
al road dusts between 2006 and 2019. This distinction was
chosen because Hong Kong is one of the few fully urbanised
territories in the world (UN 2019a) and therefore represents a
useful case study for RDS in increasingly urbanised areas. The
timeframe for the rest of China was chosen to reflect the
timespan over which studies in mainland China have been
conducted.
Hong Kong RDS contained similar amounts of copper,
chromium and cadmium compared to their global counter-
parts (Fig. 4). However, lead concentrations in Hong Kong
RDS (1430 ppm) were higher than the global mean
(963 ppm), and the Hong Kong mean zinc concentration
(2890 ppm) was almost triple the global value (1050 ppm)
(Figs. 1 and 4). It is difficult to establish trends using the lead
data as the main source of lead emissions (leaded gasoline)
was globally in decline over this period (Fig. 2). Using Hong
Kong as an exemplar of significant urbanisation, it is logical to
propose that zinc loadings in RDS are highly likely to increase
with greater urbanisation. Other modern examples of
urbanised centres with high zinc loadings include Buenos
Aires (Fujiwara et al. 2011) and Rio de Janeiro (McAlister
Fig. 3 Changes in RDS
concentrations of zinc portrayed
in a box and whisker chart
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et al. 2005). Despite urbanisation in mainland China proceed-
ing at a faster rate than the global average (UN 2019a), the
concentration of toxic metals in urban RDS has not reflected
this change (Fig. 4). Modern (2006 onwards) RDS in main-
land China contained lower mean concentrations of all the
studied toxic metals including 82.0% less cadmium, 54.8%
less copper and 36.2% less zinc (Fig. 4). The reasons for this
trend are unclear. One of the key variables is spatial distribu-
tion. China may have the largest number of RDS surveys, but
it is also one of the largest countries in the study. Several
variables, including grain size and extraction reagents, can
also significantly influence RDS contamination results.
These variables are discussed below. The China datasets show
that in the case of Hong Kong frequent sampling of a heavily
urbanised area can give us an understanding of how urbanisa-
tion influences RDS. However, a lack of recent sampling
means the influence of modern advancements (e.g. electric
vehicles) cannot be established. In the case of mainland
China, a lack of spatial resolution means an understanding
of country-wide urbanisation cannot be established. Overall,
the work conducted in China shows us that repeated sampling
of heavily urbanised areas can provide us with insights into
the impact of urbanisation on the toxic metal loading of RDS.
However, country-wide implications of urbanisation cannot
be assessed. The establishment of annual RDS surveying pro-
grams in globally important urban centres is recommended in
order to track modern influences and predict future trends in
urban RDS composition.
6 Compositional analysis methods
The focus on mainland China and Hong Kong has shown that
information can be deduced from regional and country-wide
collation of RDS surveys. However, individual studies focus
on different grain size fractions, use different chemical re-
agents and sample their sites in different ways. This increases
the variability between datasets, making it difficult to identify
trends. The aim of this section is to explore the variables that
are present in the methodology of RDS studies. This informa-
tion can help us to understand the source of some toxic metal
emissions and can serve as a structure by which to form a
standardised procedure for future RDS surveys. Some of the
variation between toxic metal RDS surveys can be attributed
to differences in the grain sizes under investigation. Bulk sam-
ples do not accurately represent the hazard of RDS, because
finer grains are more likely to get resuspended, forming a
respirable pollutant (Alves et al. 2018). RDS samples are typ-
ically divided into sub-samples in two ways. Some studies
divide the bulk sample into sub-samples before the use of
single sieves (i.e. < 63 μm and < 2000 μm) (Charlesworth
and Lees 1999), whilst other studies use stepwise sieving to
obtain several grain size ranges (Han et al. 2008). In some
experiments, a separate bulk sample is compared to stepwise
sorted samples (Zanders 2005). It is common for the
Wentworth scale (Wentworth 1922) to be used for size frac-
tionation. However, some single grain size studies use differ-
ent classifications including the particulate matter (PM)
Table 3 Number of times China
cities have been surveyed in
China in this review
City Times surveyed Years published (number in the same year)
Baoji 2 2009, 2010





Hong Kong 9 1979, 1982, 1983, 1987, 1990, 1998, 2001, 2003, 2008
Lanzhou 2 2012, 2014
Miyun Town 1 2016
Shanghai 3 2008 (2), 2013
Shenyang 1 2008
Shijiazhuang 1 2019
Urumqi City 1 2019
Wuhan 1 2010
Xianyang 1 2013
Xi’an 5 2006, 2008, 2017, 2018, 2019
Zhenjiang 1 2009
Total 41
Publication years are also shown, and some studies have surveyed multiple cities
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categories (Hetem and Andrade 2016; Alves et al. 2018). The
variability in grain size analysis is depicted in Fig. 5.
Lanzerstorfer (2018) used a centrifugation technique that pro-
duces small grain size ranges (1–68 μm) not included in
Fig. 5.
It is clear from Fig. 5 that the experimental parameters for
multi-grain size papers are inconsistent. However, there does
appear to be a limited number of favoured sieve sizes, including
63 μm (coarse silt), 125 μm (very find sand), 250 μm (fine
sand) and 500 μm (medium sand). Stepwise sieving is pre-
ferred in these studies compared to sub-sampling, especially
when the age of the studies is considered. Of the studies con-
sidered, sub-sampling was used between 1998 and 2002, with
stepwise sieving used between 1982 and 2016 (Fig. 5). This is
likely due to the additional information that can be discerned
when a series of ranges are investigated. In terms of deciding on
targeting the most important grain size ranges and producing a
standardised methodology, several factors must be considered.
Traditional Wentworth-scale sizes can provide us information
on how likely the dusts are to be transported during storm
events and therefore model the impact on downstream systems
(Taylor and Owens 2009). However, in terms of the urban
environment and human health, the aerial resuspension, and
respiration of these dusts, is likely a greater cause of concern.
PM2.5 (< 2.5 μm) and PM10 (< 10 μm) are the most widely
researched grain sizes when it comes to respiratory illnesses
(Harrison and Yin 2000). But, these grain sizes are largely
underrepresented in toxic metal RDS studies with only five
references out of 152, considering these fractions in this review.
One factor that can be assessed using the data collected in this
review is the association of contaminants with different grain
sizes.
Figure 6 shows the proportion of toxic metals associated
with individual grain size fractions. At grain size fractions
larger than 1000 μm, the toxic metal enrichment is relatively
low and is typically below a factor of 2 in toxic metals with the
largest datasets (copper, lead, zinc). When the grain size frac-
tions are lower than 1000 μm, the toxic metal enrichment is
higher with the lowest grain size studied being approximately
enriched by a factor of 3 or 4 (Fig. 6). In the most extreme
Fig. 4 Comparison of Hong
Kong and Mainland China toxic
metal RDS concentrations with
global concentrations over the
timeframe in which the studies
were published. No nickel data
was reported for Hong Kong
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examples, the enrichment can be by a factor of 10 or greater
(Fig. 6). It is important to consider the grain size distribution
of RDS. Despite the larger grain size fractions containing the
lowest concentrations of toxic metals, the distribution of grain
sizes in RDS is weighted towards the larger grain size frac-





































Fig. 6 Enrichment of the concentration of metals (Pb, Zn, Cu, Co, Cr, Cd, Ni, As, Hg) by grain size fraction compared to the largest grain size fraction
reported
Fig. 5 Breakdown of the
individual grain sizes targeted by
authors using multiple grain sizes
and the technique employed.
Letter a denotes that a bulk
sample was also analysed, whilst
letter b shows that a greater than
measurement of the largest grain
size was conducted
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of toxic metals in RDS is associated with the larger grain size
fractions (Stone and Marsalek 1996). This means that studies
that focus on grain size fractions below 500 μm are not
assessing the bulk concentration of toxic metals in RDS.
Where studies focus on the small size fractions, the lowest grain
size considered in such studies is 20 μm. This is concerning
because it shows that the respirable 2.5 μm and 10 μm grain
sizes likely contain underestimated toxic metal concentrations
and are not being captured in global RDS studies. If govern-
ment agencies are relying on bulk concentrations to assess the
risk associated with a toxic metal, the respirable hazard is being
underestimated. The reason why most studies do not investi-
gate grain size fractions below 20 μm is because it is the lowest
achievable grain size fraction by dry sieving (Lanzerstorfer
2018). However, one study used a centrifugation technique in
order to examine discrete grain sizes between 1.6 μm and
60 μm (Lanzerstorfer 2018). Even with these lower grain sizes
considered, the highest concentration of toxic metals was still
associated with the smallest grain size. More research is re-
quired in order to understand the fractionation of toxic metals
in RDS by investigating the full spectrum of grain sizes, includ-
ing those in the respirable size range.
The data in Fig. 6 reveal that different grain size fractions
can provide us with information on a variety of factors includ-
ing bulk toxic metal loadings, transport properties and the haz-
ard associated with the dusts. Several grain size fractions
should be considered when it comes to adopting a standardised
scheme. The < 1000 μm grain size fraction is a good indicator
of the bulk concentration of toxic metals associated with RDS,
whilst the < 63μm (silt) grain size fraction identifies the portion
of the sample which is likely to be transported in storm events
(Taylor and Owens 2009). This review also showed that the
highest concentration of toxic metal contamination in RDS is
associated with the finest fractions (Fig. 6). In terms of human
health, the < 2.5 μm and < 10 μm grain size fractions are re-
spirable and therefore have the potential to pose the greatest
harm (Bennett et al. 2019). However, traditional dry sieving
techniques cannot separate out grain size less than 20 μm. In
circumstances where dry sieving is being used, we recommend
sampling the < 20 μm grain size fraction so the closest equiv-
alent to the respirable fractions can be assessed, but < 2.5 μm
and < 10 μm should be analysed where possible.
7 Chemical extraction methods
Various reagents are used to solubilise RDS so that the con-
centration of toxic metals and other contaminants can be de-
termined. Strong acids including nitric and hydrochloric acids
are typically used due to their ability to dissolve metals. The
ability of these acids to dissolve metals may be improved by
altering the experimental conditions (temperature, microwave,
etc.), combining strong acids in order to produce chemicals
such as aqua regia, or by supplementing them with specific
reagents such as the oxidising agents (perchloric acid and hy-
drogen peroxide). In some cases, the authors may be interested
in “biologically-available” toxic metals and choose to use a
diluted acid instead (Sutherland 2003). Variation in extraction
techniques can yield difficulties when comparing global con-
centrations of RDS, and therefore, it is important to consider
how they influence results. This review categorised studies
depending on the reagents they used, but experimental condi-
tions were not considered due to the large variability in tem-
peratures and timings. The studies were also restricted to those
completed since the year 2000 in order to avoid the high con-
taminant loadings associated with historic studies and to place
the focus on modern trends in extraction methods. The studies
were divided into concentrated acids (50% of concentrated
stock hydrochloric acid, nitric acid, hydrofluoric acid and
sulphuric acid or greater), perchloric acid (which includes
perchloric acid) and hydrogen peroxide (which includes hydro-
gen peroxide and diluted acid (weak acids or strong acids di-
luted below 50% of concentrated stock)). Although X-ray fluo-
rescence (XRF) does not require a digestion step, it is included
here for comparative purposes. Figure 7 shows the number of
studies using each method. Strong acids are the most popular
choice (37 studies) with the addition of perchloric acid to strong
acids in second (26) (Fig. 7). XRF is the next most common
choice (19), followed by the addition of hydrogen peroxide
(10) and finally diluted acids (3) (Fig. 7).
The concentrations of individual toxic metals were inves-
tigated in order to understand how they varied with the re-
agents used. The data were split into two charts to improve
the resolution of the less concentrated metals. Arsenic and
mercury were excluded due to the lack of studies reporting
them. The data show that with a few exceptions, the propor-
tions of toxic metals identified with each extraction regime are
broadly the same (Fig. 8) and mirror the global proportions
reported previously (Fig. 8). The XRF and dilute acid proce-
dures produced high concentrations of zinc with mean con-
centrations of 823 ppm and 436 ppm, respectively (Fig. 8).
After further inspection of the data, the high zinc concentra-
tions in the dilute acid studies were associated with a single
study focused on a less than 50μm grain size fraction in Japan
(Wijaya et al. 2012), and in the case of the XRF, studies were
associated with a less than 86 μm grain size fraction from
Hong Kong, China (Yeung et al. 2003); a less than 63 μm
grain size fraction fromHongKong (Tanner et al. 2008); and a
series of grain size ranges below 250 μm fromHamilton, New
Zealand (Zanders 2005). This suggests that the small sample
sizes, grain size fraction and/or location of the studies may
have influenced the results and highlights the complexity of
global urban RDS analysis. XRF also produced elevated chro-
mium concentrations (192 ppm), which were also observed
when hydrogen peroxide (101 ppm) and perchloric acid
(107 ppm) were used (Fig. 8). Concentrated acids and diluted
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acids produced mean concentrations of chromium of 52.5 ppm
and 44.4 ppm, respectively (Fig. 8). The addition of hydrogen
peroxide and perchloric acid to extraction solutions also pro-
duced higher copper concentrations (Fig. 8). Chromium and
copper are used in a number of automotive-related alloys to
reduce corrosion, especially at elevated temperatures (Talbot
and Talbot 2018). Some chromium and copper alloys also
show resistance to strong acids (Bellezze et al. 2018), and
Fig. 8 Variation in toxic metal
concentrations of urban RDS
observed when different
extraction reagents are used
(concentrated acid, diluted acid,
addition of hydrogen peroxide,
addition of perchloric acid), and
X-ray fluorescence (XRF)
analysis
Fig. 7 Pie chart showing
extraction reagents used for toxic
metal RDS studies conducted
from the year 2000 and onwards.
This chart also includes studies
which have used XRF
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therefore, it would appear that extraction solutions that attack
the sample in multiple ways are the most effective. However,
the elevated XRF concentrations may suggest that extraction
solutions are still not efficient when it comes to chromium
dissolution. Other alloy constituents (molybdenum, manga-
nese, etc.) not considered in this review may also contribute
to the dissolution resistance of some components of urban RDS
(Bellezze et al. 2018). Concentrated acids produced the highest
concentrations of lead (300 ppm), with the other extraction
solutions produced approximately 127 ppm (Fig. 8). The rea-
son for this difference is unclear, as perchloric acid is a strong
acid but does not appear to be as effective.
The global data on extraction methods show that most ex-
traction procedures produce similar proportions of toxic
metals, although the concentrations can vary considerably.
Clear disparities are apparent when it comes to zinc and chro-
mium concentrations. In the case of zinc, this is likely due to a
small sample size and a preference for smaller grain size frac-
tions in the diluted acid, and XRF studies. Chromium extrac-
tion appears to be enhanced when strong acids are combined
with an oxidising agent (perchloric acid, hydrogen peroxide),
but the concentrations are still lower than XRF values. Lead
concentrations are also highest when strong acids (minus
perchloric acid) are used without additional reagents. These
results show that a single extraction solution is unlikely to be
the most efficient extractant for every toxic metal considered.
This is to be expected as the form of toxic metals in RDS can
vary considerably (see emerging contaminants). Other factors
such as locality and grain size fractions may have influenced
the extraction data especially given the relatively low sample
sizes. To achieve the comparability between global RDS stud-
ies, a routine extraction method is required. Concentrated
acids are currently the most popular reagents, but there is still
a significant amount of variation in this category. We suggest
that concentrated nitric acid, perchloric acid and hydrofluoric
acid in a ratio of 2:1:1 is used (Bian and Zhu 2009), although
alternative extraction methodologies should continue to be
explored.
8 Sequential chemical extraction methods
Another approach to chemical extractions is sequential ex-
tractions. Sequential extractions categorise different RDS
geochemical fractions by the concentrations of toxic
metals dissolved by specific reagents. The RDS samples
are reacted with an extractant, followed by sampling and
cleaning of the sample, before it is added to the next re-
agent. Table 4 describes two commonly used sequential
extraction procedures.
Whilst the modified Community Bureau of Reference
(BCR) protocol describes the extractions in a numerical fash-
ion, it shares some similarities with the categorically defined
Tessier extraction protocol (Table 4). In summary, the first
step is comparable to the “bound to carbonates” extraction,
the second step is comparable to the “bound to Fe-Mn oxides”
step and the third step is comparable to the “bound to organic
matter” extraction. Whilst the fourth step and residual extrac-
tion use different strong acids, the overall aim of both is to
dissolve silicate minerals (Tessier et al. 1979); small amounts
of undissolved material may remain after these steps. Both
sequential extractions were designed for use on soils and sed-
iments. Whilst RDS contains natural substrates, most of the
contaminant loading has an anthropogenic origin (Taylor and
Owens 2009) which puts doubts on the relevance of these
sequential extractions to RDS contamination. Nonetheless,
several studies in this review have used them. Figure 9 shows
the distribution of toxic metals in sequential extraction RDS
studies according to the Tessier extraction protocol (Tessier
et al. 1979). Some of the studies used the modified BCR
protocol and were reclassified to the closest matching extract-
ant (Rauret et al. 1999). Several studies reported percentages,
whilst others reported concentrations. All the data presented
here were converted to percentages so that comparisons could
be made between datasets.
The data show that most of the cobalt and chromium in the
RDS is associated with the residual phase (Fig. 9). As bio-
availability increases from residual to exchangeable, copper
and nickel are expected to be more bioavailable than cobalt
and chromium as they are associated with the organic phase
(Fig. 9). Lead, zinc and cadmium are evenly distributed across
the carbonate, Fe and Mn oxide, and organic phases (Fig. 9),
and are therefore the most bioavailable toxic metals in the
RDS studied. The results highlight that lead and cadmium,
two of the most toxic metals in this study, are also the most
bioavailable. Previous extraction results (Fig. 9) had also
shown that copper and chromium showed greater extraction
efficiency when treated with a combination of strong acids
and an oxidising agent. This correlates with them largely be-
ing associated with the residual fraction of the RDS and might
suggest their origin is metal alloys (Bellezze et al. 2018).
Cobalt and nickel are also key alloy constituents, and whilst
cobalt and nickel showed no preference in the single extrac-
tion scheme (Fig. 9), they showed a preference for less bio-
available forms in the sequential extraction procedure. In the
context of understanding the bioavailability of various toxic
metals and the potential origin of them, sequential extractions
can provide us with useful information. However, the catego-
ries used to describe the various fractions appear to have little
relevance to RDS. For example, RDS contaminants are not
associated with carbonates, and the organics found in RDS
have different structures from those derived from the natural
environment (Najmeddin and Keshavarzi 2019). In some
studies, the Fe and Mn oxide phase and organic matter phase
are referred to as the reducible phase and oxidizable phase,
respectively, but this does not negate the fact that the same
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reagents are being used. Further research is required to under-
stand the various compounds that toxic metals in RDS are
associated with. A RDS-specific sequential extraction proce-
dure should be devised, taking these compounds into account.
9 Microscopy and spectroscopy methods
As previously described, the finest grain size fraction is typi-
cally associated with the highest contaminant concentrations
in RDS. Issues with sampling finer grains can make it difficult
to reliably quantify contaminant concentrations and to estab-
lish the geochemical characteristics of RDS. Furthermore,
whilst chemical extraction techniques can be useful for estab-
lishing bioavailable contaminant loadings in RDS, they are
not particularly suitable for establishing geochemical andmin-
eralogical characteristics of anthropogenic sediments, and ac-
curate characterisation is essential to determine contaminant
sources, fate and potential toxicity.
State-of-the-art imaging techniques such as scanning elec-
tron microscopy (SEM) and transmission electron microscopy
(TEM) allow us to visualise and physically characterise very
small grains and, with the addition of secondary tools (such as
energy-dispersive X-ray spectroscopy (EDX)), enable the
quantification and mapping of elements at the grain scale.
Anthropogenic RDS particles identified using microscopy
techniques include 10- to 150-μm iron-rich, toxic metal–
incrusted spherical particles and iron/chromium-rich angular
aggregates (Bourliva et al. 2016; Byrne et al. 2017a).
Spherical iron particles are often associated with high-
Table 4 Comparison of two commonly used extraction procedures (the modified BCR extraction protocol (Rauret et al. 1999) and the Tessier
extraction protocol (Tessier et al. 1979))
Steps
Modified BCR (Rauret et al. 1999)
First 0.11 M acetic acid (22°C, 16 h)
Second 0.5 M hydroxylamine hydrochloride (22°C, 16 h)
Third 8.8 M hydrogen peroxide (85°C, 1 h, evaporate and repeat), add 1 M ammonium acetate (22°C, 16 h)
Fourth 3:1, 11.7 M hydrochloric acid and 15.8 M nitric acid (aqua regia) (conditions not described)
Tessier (Tessier et al. 1979)
Exchangeable 1M magnesium chloride (pH 7) (22°C, 1 h)
Bound to carbonates 1 M sodium acetate (adjusted to pH 5 with acetic acid) (22°C, 5 h)
Bound to Fe-Mn Oxides 0.04 M hydroxylammonium chloride in 25% acetic acid (22°C, 6 h)
Bound to organic matter 0.02 M nitric acid + 9.8 M hydrogen peroxide (85°C, 1 h, evaporate and repeat), add 1 M ammonium acetate (22°C, 16 h)a
Residual 5:1, 22.6 M hydrofluoric acid and 11.6 M perchloric acid (conditions not described)
a The author does not describe the experimental conditions, but a similar setup to the modified BCR extraction protocol would suffice
Fig. 9 Distribution of toxic
metals in RDS in sequential
extraction studies according to the
Tessier extraction protocol
(Tessier et al. 1979)
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temperature combustion processes (Spiteri et al. 2005), whilst
angular aggregates are associated with exhaust emissions and
bodywork/engine wear (Bucko et al. 2010). Elongated particles
attributed to tyre wear have also been observed (Gunawardana
et al. 2012).
In recent years, molecular-scale spectroscopy techniques
have increased our understanding of contaminant fate and
potential toxicity. X-ray absorption spectroscopy (XAS) tech-
niques such as X-ray absorption near-edge structure (XANES)
and extended X-ray absorption fine structure (EXAFS) have
allowed direct analysis of contaminant bonding structure
and oxidation state. These techniques can establish contam-
inant toxicity and long-term behaviour with much greater
accuracy than sequential chemical extraction techniques
and allow environmental managers to better gauge impacts
on urban ecosystems and human health. Recent XAS stud-
ies of RDS in Manchester, UK, focussed on the speciation
of lead, zinc and chromium in RDS and their potential tox-
icity and long-term fate. Byrne et al. (2017b) established
relatively high concentrations of chromium in RDS.
However, XANES analysis indicated chromium in RDS
grains existed mainly as Cr(III), indicating limited bioavail-
ability and toxicity under the predominant environmental
conditions. Only small amounts of carcinogenic Cr(VI)
were detected. In similar studies, Barrett et al. (2010,
2011) used XAS techniques to establish the speciation
and potential toxicity of Pb and Zn in RDS, respectively.
These studies established the main metal-bearing phases for
these metals in the RDS and hence the pathways by which
they could pose a threat to human health. The studies also
established Pb and Zn as being present in mineral phases
not represented by existing sequential extraction proce-
dures. More recent studies have considered the speciation
of Cr and Pb in RDS from Daejeon, South Korea (Lee et al.
2018), and Venice, Italy (Valotto et al. 2017).
Whilst RDS studies using microscopic techniques like
SEM and TEM have become more common in recent years,
studies incorporating analytical techniques such as XAS are
much less common. This is probably because XAS techniques
require high energy and tunable X-ray sources, such as those
produced in synchrotron facilities, and synchrotron radiation
sources are not widespread or easily accessible and require
dedicated and expert support to operate. Although XAS tech-
niques remain out of reach for the majority of RDS studies,
substantial improvements in understating of the fate of RDS
contaminants can be garnered by exploring the physical and
geochemical characteristics of RDS at the microscopic scale.
Therefore, we recommend supplementing chemical extraction
data, where possible, with grain-specific microscopic tech-
niques (such as SEM and TEM) to more specifically and con-
fidently establish contaminant concentrations, loadings and
geochemical phases relevant to human health and environ-
mental quality.
10 Establishing background contaminant
loadings
Establishing the environmental or human health risk of
RDS contaminants requires consideration of background
element concentrations in order to understand the magni-
tude of element enrichment or deviation from back-
ground concentrations. This has been achieved using a
variety of methods including comparison with environ-
mental quality guidelines (typically referring to soil con-
tamination), average crustal concentrations, development
of contamination metrics and comparison with local sam-
ples collected away from road surfaces. For example,
Trujillo-Gonzalez et al. (2016) compared their data to
natural metal concentrations from a previous study rele-
vant to the local region (Fadigas et al. 2006), but com-
parisons to national guidelines are also common (Shi and
Lu 2018). National and regional background values al-
low for more straightforward comparison of RDS studies
across countries and geographical regions. However, this
methodology dismisses the considerable regional and
global natural variability in background element concen-
trations which potentially leads to inaccurate communi-
cation and risk. Local samples, on the other hand, might
be influenced by factors which may not be sufficiently
isolated to preclude RDS contamination, and other pol-
lution sources might influence the results.
A more common and scientifically robust method of con-
sideringbackgroundelement concentrations is calculationof
so-called “geo-indices”, where element concentrations of re-
gional bedrock or pristine soils are compared with measured
RDS element concentrations to establish a contamination
index. One commonly used index is the geo-accumulation
index (Igeo) which relates the measured element concentra-
tion to a locally derived background concentration. Seven
Igeo classes range from no pollution (Igeo ≤ 0) to extremely
polluted (Igeo > 5), and a number ofRDSstudies haveutilised
this index (Lu et al. 2009; Al-Khashman 2013; Chen et al.
2013). As Igeo and other similar metrics are based on simple
ratios of a single element, they are vulnerable to distortion by
particle size sorting effects and association of particular ele-
ments with particular mineral types (Bern et al. 2019). A
widely used metric that can compensate for these effects is
the enrichment factor (EF) which considers how much an
element in a sample medium (e.g. RDS) has increased rela-
tive to average natural abundance because of human activity
(Han et al. 2014). Calculation of an EF requires the selection
of a background concentration and a reference element for
the purpose of normalisation. However, both the selection of
a background concentration and reference element data can
strongly influence the result of the calculation (Bern et al.
2019) and therefore careful consideration of background
geochemistry is required.
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A useful method of interrogating geochemical datasets to
more accurately inform EF calculations is principal component
analysis (PCA). PCA is a powerful statistical (ordination) tech-
nique for detecting patterns (similarities and dissimilarities) in
geochemical datasets. It has been used frequently in geochem-
ical (e.g. Bern et al. 2019) and water quality studies (e.g. Byrne
et al. 2017a) to isolate background geochemical signatures
from anthropogenic ones. The main advantage of PCA is that
it integrates information for all analysed elements and com-
pounds and can therefore yield insights (including background
geochemistry) which EF and Igeo cannot. The PCA technique
has been widely applied to establish background geochemistry
in RDS studies (e.g. Liu et al. 2014; Yang et al. 2019; Chen
et al. 2013) and has proved a robust method for establishing
environmental risk of RDS contaminants.
Understanding of the importance of using local or regional
background element concentrations to establish RDS contam-
ination levels and environmental risk has increased in recent
years. RDS studies in the literature typically adopt some met-
ric that incorporates a regional, rather than national or global,
estimate of background element concentration. However, geo-
chemical datasets must be thoroughly investigated (using
PCA or other techniques) to ensure that the choices of back-
ground element and/or reference element are actually repre-
sentative of the background geochemistry for the locality un-
der study.
11 Sample collection
Another important aspect of RDS studies is sample collection.
RDS is loosely bound as can be inferred from their transpor-
tation during storm events (Taylor and Owens 2009), and the
effectiveness of road sweepers in dust cleaning (German
and Svensson 2002). This means that RDS samples can be
collected using basic tools such as a dustpan and brush.
Other methods are used to either increase the ease with
which samples can be collected (road sweeper) or improve
the collection of finer particulates (vacuum). Figure 10
shows the sampling preferences of RDS surveys in this
review from the year 2000 and onwards. Earlier studies
were not considered due to large contaminant loadings as-
sociated with legacy data.
The use of brushing techniques, including dustpan and
brushes, paint brushes and brooms, is the most used option.
These methods minimise the contamination of the RDS with
metals (although microplastics, for example, might be an is-
sue) but are ineffective at sampling the finest particles (Bris
et al. 1999). Dry vacuum techniques are the next most popular
technique and are more effective at sampling the finest frac-
tions (Bris et al. 1999). However, material entrained in the
road surface may still be missed and any wearing of the vac-
uum equipment has the potential to contaminate the sample.
Wet vacuum sampling is uncommon, but likely yields the
most representative sample (Gunawardana et al. 2012), with
the previous caveat of the equipment contaminating the sam-
ple. Road sweepers are effective at sampling large areas
(Lanzerstorfer 2018), but considerable contamination of the
samples is expected. Steel scoops are rarely used and will also
have the same sampling issues that are associated with
brushing techniques. Outside of these techniques that directly
sample the road surface, some studies will also use a range of
samplers designed to collect airborne road dust particulates
(Amato et al. 2014). However, this review is focused primarily
on road dusts that have been deposited on the road surface
(RDS). The mean concentrations of toxic metals from RDS
collected using various methods (post-2000) are shown in
Fig. 11.
Steel scoop values are not reported in Fig. 11 as only lead
data were available, and the mean was significantly higher
(3770 ppm) than the mean values for other collection methods.
The steel scoop lead concentrations are considered outliers
when compared to global lead RDS concentrations from the
year 2000 and onwards (Fig. 11). The concentrations of toxic
metals in RDS collected using brushing techniques and dry
vacuum were comparable (Fig. 11). Road sweeping produced
the lowest concentrations of most toxic metals, apart from zinc,
chromium and nickel where wet vacuum produced the lowest
values (Fig. 11). Wet vacuuming produced the highest concen-
trations of lead, but the concentrations of the other toxic metals
were low compared to other methods (Fig. 11). The results of
the collection review are unclear. Part of the problem is that the
sample size for road sweeping and wet vacuum is low
(Fig. 10), and even in the case of brushing and dry vacuum
where the sample size is higher (Fig. 10), the standard devia-
tion is still high (Fig. 11). Most of this variation will be due to
differences in user operation of the equipment, differences be-
tween equipment (broom, paintbrush, etc.) and differences in
locality. However, trends with grain size fractions (Fig. 6),
extraction reagents (Fig. 8) and sequential extractions (Fig. 9)
are observable in the global dataset. This suggests that the
sampling method is not as important as other factors when it
comes to understanding the toxic metal loading of RDS.
Despite this, further work should be undertaken to evaluate if
vacuum methods (especially wet vacuum) can produce a more
representative concentration of toxic metals associated with
RDS. In terms of suggesting a suitable sampling method, an-
other consideration is the availability of sampling equipment.
Brushing techniques are universally available, whilst road
sweeping requires municipal assistance. Vacuum techniques
can scale in cost from simple household appliances, to
specialised vacuums designed for scientific purposes, and
therefore are not universally accessible. In terms of
standardisation, it consequently seems sensible to suggest dust-
pan and brush sampling, with further sampling using vacuum
techniques if accessible. This will produce a more standardised
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way of producing RDS surveys, whilst allowing for further
development of collection techniques.
12 Emerging contaminant loadings
12.1 PGEs
The platinum group elements (PGEs) are a series of elements
known for their catalytic properties. The PGEs include ruthe-
nium, rhodium, palladium, osmium, iridium and platinum. In
the case of the automotive industry, PGEs are incorporated into
catalytic converters where they catalyse the transformation of
nitrogen oxides (NOx), unburnt hydrocarbons and carbon mon-
oxide into nitrogen, carbon dioxide and water (Santos and
Costa 2009). Two-way (oxidizing) catalysts use a combination
of platinum and palladium to treat unburnt hydrocarbons and
carbon monoxide (Samuels et al. 1982), whilst three-way
catalysts also include rhodium to treat nitrogen oxides
(Ribbens 2013). Automotive catalysts also contain ruthenium,
osmium and iridium in the form of impurities (Rauch and
Peucker-Ehrenbrink 2015). PGE emissions from automotive
exhausts occur as a result of the degradation of the catalyst
surface due to chemical reactions and mechanical wear
(Moldovan et al. 2003). The emission of PGEs from catalytic
converters decreases with car mileage, with one study suggest-
ing PGE emissions are approximately 1490 g year−1 for
Madrid, Spain, and 2460 g year−1 for Sweden (Moldovan
et al. 2002). A number of hazards are associated with PGEs
in RDS including their mobilisation and solubilisation by en-
vironmental compounds (Dahlheimer et al. 2007), the forma-
tion of halogenated PGE complexes in lung fluid (Colombo
et al. 2008) and the health risks associated with airborne par-
ticulate matter (Bennett et al. 2019).
Palladium and platinum accounted for the highest concen-
trations of PGEs in global RDS, with mean values of 158 ppb
Fig. 11 Mean concentrations of
toxic metals in RDS (post-2000)
collected using various methods
Fig. 10 Breakdown of road dust
sampling procedures used by
studies in this review from the
year 2000 and onwards
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and 128 ppb, respectively (Fig. 12). Rhodium had a mean
value of 27.7 ppb, whilst iridium (1.56 ppb), ruthenium
(4.81 ppb) and osmium (0.0701 ppb) mean values were much
lower (Fig. 12). The PGE concentrations in RDS were reflec-
tive of catalytic converter usage. Platinum was the dominant
PGE in two-way and three-way catalysts (Ravindra et al.
2004), but as stricter emission standards were set, the automo-
tive industry shifted towards palladium-richer catalysts
(Zereini et al. 2007). Platinum and rhodium ratios in
Germany during 1997 were approximately 5:1 (Zereini et al.
1997) whichwas consistent with the ratio found in this review.
This suggests that rhodium usage in catalytic converters has
not changed significantly. The other PGE concentrations are
consistent with them being impurities. However, information
on osmium concentrations was scarce, with only two studies
in this review reporting osmium values (Qi et al. 2011; Zhao
et al. 2014). No temporal trends were observable in the PGE
data. This was likely due to a combination of issues, including
differences between gasoline and diesel catalytic converters
(Moldovan et al. 2002) and differences between catalytic con-
verter specifications in international markets (due to differ-
ences in emission standards) (EU 2007; USEPA 2014), along
with the range of vehicle ages on the road (Moldovan et al.
2002).
The data in this study confirmed that the PGE content of
urban RDS was directly related to catalytic converter usage.
More research is required when it comes to understanding the
hazard associated with the PGE content of urban RDS, and
RDS studies can contribute to this by providing information
on their concentrations, as well as their association with grain
size fractions. Aside from the health concerns, it is also im-
portant to consider the impact of catalytic converters on the
global supply of PGEs. PGEs are some of the scarcest ele-
ments on Earth and are crucial to a variety of sectors including
medicine and electronics (Zientek et al. 2017). These sectors
are reliant on the recycling of PGEs in order to maintain sup-
ply (Zientek et al. 2017). Catalytic converters are one of the
largest markets for PGEs (Ravindra et al. 2004). It is therefore
concerning that PGEs are being removed from reuse via de-
position on road surfaces. The concentration of PGEs in ores
primarily mined for their presence is between 5 and 15 ppm
(Zientek et al. 2017). The average total concentration of PGEs
in RDS in this studywas 321 ppb, making it unlikely that RDS
can be an economic source of PGEs. Research into the reduc-
tion and removal of PGE contents from catalytic converters
(Fesik et al. 2013) is thus vital in terms of health consequences
and PGE availability.
12.2 PAHs
Several other RDS contaminants have started receiving great-
er attention over the last decade. This is partly down to the
Ir Pd Pt Rh Ru Os
Mean 1.56 158 128 27.7 4.81 0.0701
Median 0.600 79.4 88.8 18.6 5.00 0.0750
1st 
quartile 0.250 19.7 34.0 7.53 0.490 0.0695
3rd 
quartile 3.30 216 179 38.0 7.50 0.0751
Minimum 0.130 0.760 0.720 0.100 0.210 0.0546
Maximum 4.00 1070 642 182 13.0 0.0762
Fig. 12 Concentrations of
platinum group metals (PGEs) in
global RDS presented in a box
and whisker plot, along with the
accompanying data
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development of new analytical techniques that can provide us
with information on the harmful contaminants in RDS, and the
reclassification of hazardous substances. One key area for
emerging contaminants is organic molecules. A variety of
anthropogenically derived organics is an environmental con-
cern including pesticides, herbicides, hydrocarbons, PCBs,
PAHs and dioxins (Taylor and Owens 2009). The most rele-
vant of these to RDS and automotive emissions are polycyclic
aromatic hydrocarbons. PAHs are produced during the com-
bustion of fossil fuels and biofuels (Najmeddin and
Keshavarzi 2019). The main concerns associated with PAHs
are their carcinogenic properties (Suman et al. 2016) and their
potential to be absorbed through the respiratory system (and
other exposure routes) due to their association with PM10 par-
ticulates (Di Vaio et al. 2016). The term PAH is used to define
hydrocarbons that contain more than one aromatic ring and
includes a broad range of organic molecules including naph-
thalene and anthracene. In total, 16 PAHs are considered pri-
ority pollutants by the USEPA (Najmeddin and Keshavarzi
2019). In order to assess such a wide variety of molecules, the
PAH content of RDS is typically analysed using high-
performance liquid chromatography (HPLC) (Hussain et al.
2015) or gas chromatography mass spectrometry (GCMS)
(Najmeddin and Keshavarzi 2019). The risk associated with
PAHs is often determined by calculating the incremental life-
time cancer risk (ILCR) for the ingestion, dermal contact and
inhalation of benzo[a]pyrene (BaP) (Peng et al. 2011). A value
of 144 μg g−1 is considered marginally safe in terms of PAH
exposure (Peng et al. 2011).
The investigation of other emerging contaminants is still in
development. New techniques allow us to identify RDS haz-
ards from a different perspective. Anthropogenic activity has
been shown to increase the magnetisation of sediments (Yang
et al. 2007). The magnetisation of contaminants can be used to
discern them from naturally occurring material and provide
information on the contaminants present (Bourliva et al.
2016). Magnetite is the dominant magnetic mineral found in
RDS and is generated from exhaust emissions, tyre wear,
brake linings and the road surface (Bucko et al. 2010).
Anthropogenic magnetite has been identified in human brain
tissue and has been linked to Alzheimer’s disease (Maher et al.
2016). The toxic metals previously described in this study
may also be concentrated in the magnetic fractions of RDS
(Bourliva et al. 2016). Microplastics are produced by the deg-
radation of a range of plastic products and are typically de-
fined as plastic particles with a size of less than 5 mm (Frias
and Nash 2019). Vehicles produce microplastics via the wear-
ing of tyres, brake use and the abrasion of road markings
(Kole et al. 2017). Tyre wear contributes to between 3 and
7% of PM2.5 and between 5 and 10% of ocean plastic (Kole
et al. 2017). Microplastics accumulate in the food chain, lead-
ing to a range of health issues in a variety of organisms and in
humans (Chae and An 2017). The collection of microplastics
in the environment poses similar challenges to that encoun-
tered during the collection of other fine-grained particulate
matter (Alves et al. 2018). Furthermore, the detection and
quantification of microplastics in environmental samples is
complicated, with research required to improve cost and effi-
ciency (Zarfl 2019). A shift towards electric vehicles may lead
to an increase in tyre wear (Timmers and Achten 2016) and
therefore microplastic deposition. However, road surface de-
sign can play a role in reducing tyre wear andmay also capture
microplastics, allowing for their safe disposal after cleaning
(Kole et al. 2017).
13 Proposed workflow for future studies
As global populations rise the number, the proportion of peo-
ple living in urbanised areas increases (UN 2019a). Urbanised
areas are associated with a variety of pollution sources. One of
these sources is RDS. RDS contains a range of naturally de-
rived sediments and anthropogenic particulates (Taylor and
Owens 2009). Historically, RDS has been contaminated with
toxic metals as a result of industrial activities (Brunekreef
et al. 1981), and lead from leaded gasoline combustion
(deMiguel et al. 1997). As these contaminant loadings have
reduced in the urban environment, the focus has shifted to-
wards toxic metals released from non-exhaust automotive
sources (Adamiec et al. 2016). A requirement to curb green-
house gas emissions is leading to shifts in the market towards
hybrid and electric vehicles (Timmers and Achten 2016). This
advancement in automotive technologies is expected to im-
pact the toxic metal loading of RDS. Other emerging contam-
inants including PGEs associated with catalytic converters
(Wiseman et al. 2018), fine-grained particulate matter (Alves
et al. 2018), organic molecules (Najmeddin and Keshavarzi
2019) and microplastics (Kole et al. 2017) are starting to re-
ceive more attention, and understanding them is vital in im-
proving health and the environment. The key aims of this
review were to evaluate current urban RDS contaminant load-
ings, in order to understand their impact on future urban cen-
tres. Whilst assessing global RDS contaminants, it was clear
that many variables influence their composition. A number of
these variables relate to the locality such as climatic conditions
(Chon et al. 1998), emission standards (EU 2007) and road
maintenance and cleaning (Stojiljkovic et al. 2019). However,
several of these variables are due to differences between sam-
pling and analysis regimes. In order to improve the compara-
bility between RDS studies, a workflow diagram is proposed
here (Fig. 13).
The first thing to considerwhen conducting a RDS survey is
the sample location. Sample location may partially be dictated
by institution location and the safe accessibility of appropriate
urban road surfaces. Sampling regimes should be representa-
tive of the urban environment, i.e. high traffic density, paved
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surfaces and majority of land adjacent to roads dedicated to
buildings (Robertson et al. 2003). It is also important to avoid
point sources (heavy industry, etc.) which could lead to over-
estimation of RDS loadings (Brunekreef et al. 1981). When
possible, previous RDS sampling of the location should be
taken into consideration so that temporal RDS datasets can
be compiled. Current RDS surveys can promote the develop-
ment of temporal data by providing information on the sites in
the survey. Seasonal events including firework displays (Yang
et al. 2019) and forest fires (Ramirez et al. 2018) may also
influence the results, as well as rain (Chon et al. 1998) and
snow (Stojiljkovic et al. 2019). Therefore, RDS should be sur-
veyed after a period of dry weather at a time when atmospheric
pollutant loadings are normal for that region.
Once a sampling regime has been developed, the next con-
sideration is the sample collection equipment. Several collec-
tion techniques were identified in this review including
brushing techniques (Shi and Lu 2018), vacuum techniques
(Adamiec et al. 2016) and road sweepers (Viklander 1998).
Analysis of collection techniques highlighted considerable
margins of error for all collection techniques (Fig. 11). In
terms of bulk RDS concentrations, it was not possible to de-
termine the most appropriate technique. However, of the two
most commonly used techniques (brushing and dry vacuum),
dry vacuum is more effective at collecting fine particles (Bris
et al. 1999). This is an important consideration as the highest
contaminant loadings in RDS are often associated with the
finest fractions (Fig. 6). Another factor is the availability of
collection equipment. Brushing techniques are universally
available, whilst vacuum equipment requires investment
and, if not designed for scientific purposes, could contaminate
the samples. Individual technique, when it comes to using any
collection method, will also impart a large degree of variabil-
ity. Overall, sweeping is likely to be the most suitable tech-
nique for standardisation purposes, but continued research
into vacuum techniques is recommended.
Having collected the RDS samples, the next step is to sep-
arate samples into grain size fractions. Stepwise sievingwas the
most popular choice in this review (Fig. 5) and provides a
discrete set of grain size ranges. Different grain size fractions
can provide us information on the hazard and transportability of
the RDS. For example, sampling of RDS less than 1000 μm
provides information on the bulk load of toxic metals (Fig. 6),
less than 63 μm (silt) identifies transportable contaminants
(Taylor and Owens 2009) whilst less than 10 μm and 2.5 μm
grain size fractions highlight respirable contaminants
(Lanzerstorfer 2018). Dry sieving is the most accessible frac-
tionation technique, but the finest sieve is 20μm (Lanzerstorfer
2018). Using the dry sieving technique, we recommend
analysing the 63–1000 μm, 20–63 μm and less than 20 μm
grain size fractions. Where equipment permits, the 2.5 μm and
10 μm fractions should also be investigated as they are the
greatest hazard to human health (Bennett et al. 2019).
When RDS has been separated into appropriate grain size
fractions, the next step is to prepare it for analysis. XRF can be
used to determine a wide range of elements in solid-state sam-
ples (Hetem and Andrade 2016). However, more commonly,
the sample is dissolved in order to determine the concentra-
tions of chosen elements in the aqueous phase (Fig. 7).
Aqueous samples are typically analysed using atomic absorp-
tion spectroscopy (AAS) (Zafra et al. 2011) or inductively
coupled plasma (ICP) atomic emission spectroscopy (AES)
(Deocampo et al. 2012) and mass spectroscopy (MS) (Han
et al. 2014). A range of chemicals have been used to dissolve
RDS samples, but they can be broadly classified into concen-
trated strong acids, oxidising agents and diluted acids (includ-
ing weak acids) (Figs. 7 and 8). Studies that used perchloric
acid were categorised separately as it is a strong acid and an
oxidising agent. This review showed that the addition of hy-
drogen peroxide and perchloric acid to reagent mixtures pro-
duced higher concentrations of chromium typically associated
with automotive alloys (Bellezze et al. 2018), whilst strong
Fig. 13 Workflow diagram depicting the key steps in carrying out a RDS
survey. Blue boxes indicate the tasks that need to be completed, green
boxes show the suggestions on conducting these tasks highlighted in the
review, and yellow boxes indicate suggestions for other data sources to
consider when conducting the RDS survey
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acids produced higher concentrations of lead (Fig. 8). In order
to standardise extraction solutions across RDS surveys, we
suggest using concentrated nitric acid with perchloric acid in
a ratio of 3:1. Although the use of hydrofluoric acid can lead to
more efficient extraction of metals (e.g. Barrett et al. 2010),
stringent procedures govern its storage, use and disposal, and
so the use of hydrofluoric acid is not recommended here. Two
commonly used extraction protocols are the modified BCR
protocol and the Tessier extraction protocol (Tessier et al.
1979). This review assessed the results based on the qualita-
tive descriptions used in the Tessier extraction protocol (ex-
changeable, bound to carbonates, bound to Mn-Fe oxides,
bound to organics, residual). Caution should be taken when
using these classifications as these protocols were developed
for natural soils and sediments (Tessier et al. 1979) and there-
fore were not developed with anthropogenic particles in mind.
Nonetheless, these categories give us an understanding of the
bioavailability of RDS contaminants, with exchangeable be-
ing the most bioavailable and residual the least bioavailable.
The sequential extraction results showed that cobalt, copper,
chromium and nickel were the least bioavailable toxic metals
in RDS, whilst cadmium, lead and zinc are associated with
more bioavailable fractions (Fig. 9).
After collecting the data for the RDS survey, the presenta-
tion of the data should be done in a manner that allows for it to
be incorporated into future RDS studies providing a founda-
tion on which further work can be added. RDS data are pre-
sented in studies in a variety of formats including tabled data,
scatter graphs, bar charts and maps detailing spatial distribu-
tion (Chon et al. 1998). RDS data may also be interpreted in
the form of principal component analyses (Shi and Lu 2018)
or analysed to produce enrichment factors (Cai and Li 2019) or
health risk assessments (Duan et al. 2017). Whilst these inter-
pretations are important in understanding local implications of
urban RDS contamination, the inconsistency of their use be-
tween studies makes it difficult to extrapolate the results to
a global scale. Therefore, it is essential that numerical
values for urban RDS concentrations are reported, prefera-
bly in a format that can be easily extracted from the study.
Another important consideration when it comes to applying
localised data to global studies is qualitative descriptions of
the sampling sites. Some sampling sites may be in rural
locations or intended as background samples (Akhter and
Madany 1993). In cases where it is highlighted, these datum
points can be excluded from global urban RDS datasets
ensuring only samples representative of the urban environ-
ment are included. Other descriptions such as place names
may help to determine where the sampling took place which
is useful for repeat studies (Du et al. 2013). However, their
significance may not be understood by an audience away
from the immediate locality.
Overall, this review and the workflow diagram can high-
light the important factors that need consideration when it
comes to producing toxic metal data from urban RDS that
are comparable with global studies. The workflow diagram
is designed in a way that promotes current data being produced
in a manner that can be easily accessed by future work, creat-
ing a foundation on which global RDS studies can be conduct-
ed in a standardised manner, whilst simultaneously providing
space for further innovation. The focus of this workflow dia-
gram is toxic metals. However, key phases of it will be appli-
cable to PGEs, organics and other emerging contaminants.
Standardised RDS surveys can remove some of the variation
from RDS datasets which will allow us to identify trends in an
increasingly urbanised environment and generate more fo-
cused discussions on the elimination of hazardous materials
from road surfaces.
14 Recommendations for future monitoring
and research
A comprehensive analysis of the global literature on urban
RDS contamination was conducted in order to identify recom-
mendations for future analyses and research directions. Key
recommendations are:
1. Bulk and sequential chemical extractions are a useful
method to determine bioavailable and residual geochem-
ical fractions of contaminants in RDS. However, evidence
from microscopic and spectroscopic investigations sug-
gests contaminant mineralogy does not align with the
geochemical phases that common chemical extraction
methods focus on. Verification of contaminant geochem-
istry through microscopic analysis techniques is therefore
recommended to enable more robust conclusions to be
drawn on contaminant mobility, fate and environmental
risk.
2. Consideration of background element concentrations is
fundamental to understand environmental risk. This is
commonly considered in the literature through contami-
nant enrichment metrics. However, caution is advised
when selecting background values and reference elements
and thorough analysis of the geochemical data (through
PCA for example) is recommended to derive elements
and concentrations that accurately represent background
geochemical signatures.
3. As well as spatial monitoring and studies, temporal
datasets are also important for understanding seasonal
and longer-term trends and changes in pollutant loading
in urban systems.
4. From a geographical perspective, there is a lack of
data and studies from Africa, even though urban pop-
ulations have increased and will continue to increase
significantly.
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